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Background: This work is part of a wide scientific project finalized to characterize the Sicilian pottery productions
from Greek to Roman Age. In this prospective, local reference groups have been analysed in order to create a
database of the circulation and production centres in Sicily during this period. In this framework, a set of 28 waste
pottery fragments (III-II century B.C.) from a pit found during excavations at the fortification of Adrano (Sicily) have
been studied.
Characterization of the samples has been obtained by macroscopic, petrographic (OM), mineralogical (XRD) and
chemical (XRF) analyses.
Results: Macroscopic analysis of the studied potteries has allowed to distinguish four groups on the basis of grain
size, porosity and clay paste color. Petrographic and mineralogical analysis, carried out on a selection of representative
samples have allowed us to obtain useful information on the production technology of the studied samples. Moreover,
information about raw materials and provenance of clay sediments has been obtained by comparing chemical data of
the analysed samples with locally outcropping clay sediments reference data. Finally, chemical results on Adrano
potteries have been compared with kiln wastes from Siracusa and Gela.
Conclusions: The aim of the present work is to obtain fabric characterizations and technological information on a local
reference group of ceramic specimens manufactured in Adrano (Sicily). Petrographic and mineralogical results allow us
to esteem high firing temperature suggesting a good technological level of local production; in addition, chemical
data suggest a local provenance of raw materials used in the production of the studied samples. The comparison with
local production from Siracusa and Gela highlights several differences in the use of raw material and in the
technological levels achieved in the different sites, over time. Therefore, this work provides a valuable contribution in
defining the local scenario of ceramic production in South-Eastern Sicily during the Hellenistic Age and in producing
local reference groups in the petro-archaeometric studies of archaeological potteries.
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The formation of reference groups represents an import-
ant procedure in archaeometric provenance studies of
archaeological pottery. Materials from ancient kilns are
thought especially suitable for reference groups, as they
comprise a definite unit of production [1]. The discovery
of a large number of kilns in Sicily and the presence of
several clay formations suitable for ceramic manufactur-
ing [2] suggests a prosperous production of potteries in* Correspondence: sraneri@unict.it
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reproduction in any medium, provided the oancient times. For these reasons, much research has
been performed in recent years both on clays sediments
[3-5] and kilns materials [6-10] with the aim of
highlighting the features of Sicilian productions.
In the framework of the studies on circulation and
production of ceramic artifacts in Sicily during Greek
and Roman Age, several samples of kiln pottery fragments
from a pit excavated at the fortification of Adrano (Sicily)
[11,12] have been studied. Historical sources established
the foundation of the city by Dionysius I of Syracuse in V
B.C.; however, some evidences suggest that a temple de-
voted to a local God named Adranos had previously
been built. Due to its key position in the Aetnean area
(Figure 1), at the end of the V century B.C., mercenariess an Open Access article distributed under the terms of the Creative Commons
org/licenses/by/4.0), which permits unrestricted use,distribution, and
riginal work is properly credited.
Figure 1 Geographic localization of the city of Adrano (Sicily).
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Adrano during a strategy of controlling the indigenous
of Mendolito. The archeological evidence suggests a
high relevance of the site from the Greek period related
to the presence of a flourishing craft center (attested from
IV to II century B. C.).
Topographically, the city of Adrano is located on the
Western slopes of the Volcano Etna. From a geological
point of view, the area is mainly characterized by volcanic
products. In details, from the bottom to upwards, the strati-
graphic series is formed by Numidian Flysch Fm. (alternation
of brown clay and thick strata of yellowish quartz-arenite;
Upper Oligocene-Burdigalian), followed by grey-blue and
brown marly clays with foraminifera fauna (Terravecchia
Fm. - Upper Tortonian). This sedimentary cover is over-
lapped by Aetnenan volcanic products; in particular, the
area is characterized by a tholeiitic lava plateau (S. Maria
di Licodia Fm.), followed by more recent alkaline prod-
ucts. The top of the series is represented by alluvial de-
posits and volcaniclastic sediments (Simeto Fm.) [13].
An excavation in the area of the ancient city reveals the
presence of a pit including numerous kiln wastes; among
them, a set of 28 wastes of medium-coarse pottery (III-II
century B.C.) labeled as AD# has been selected for petro-Figure 2 Pictures of some representative samples. AD2, AD12 and AD1archeometric analyses. The studied materials are mainly
represented by black and reddish varnished dishes exhibit-
ing many manufacturing defects (i.e., vitrified surface with
bubbles; deformation of surface; permanent waves on the
rims). As examples, pictures of representative specimens
are reported in Figure 2. In consideration of the import-
ance of the city among the Sicilian potteries workshops,
the petro-archaometric study of these artifacts has an im-
portant role in understanding the local manufacturing
process in terms both technology and raw materials.
Results
Macroscopic analysis
Preliminary macroscopic analysis have been carried out
with the aim of distinguishing samples on the basis of
grain size, porosity and clay paste color (specified by
Munsell Index =M.I.;[14]). The observations allow us to
distinguish samples in three different groups (Table 1).
In detail, group I consists of twenty samples characterized
by a medium-coarse grain and a compact clay paste; the
color range from red (M.I.: 2.5YR 4/2; specimens AD1,
AD4, AD5, AD6, AD11, AD16, AD18, AD19, AD20,
AD28) to reddish brown (M.I.:2.5YR 5/4-6;specimens
AD3, AD9, AD14, AD15, AD21, AD23, AD24, AD25,
AD25, AD27). A second group includes six samples
(specimens AD2, AD8, AD10, AD13, AD17, AD22),
characterized by medium-coarse grain, compact clay paste
and color ranging from reddish-brow (M.I.5YR 5/3) to
yellowish red (M.I. 5YR 5/6). Finally, specimens AD7,
AD12 (i.e., group III) exhibit a medium-coarse grain, a por-
ous clay paste and a dark-gray color (M.I. GLEY1 4/N).
Petrographic and mineralogical analyses
Thin section analyses have been made following Whit-
bread classification [15] on a selection of samples repre-
sentative of the archeological typology and the previously
identified macroscopic groups. Petrographically, all ana-
lysed samples exhibit common features such as dominant5 specimens are reported.
Table 1 Macroscopic features of analysed samples
Group Color M.I. ID Samples Grain size Porosity
I dark reddish gray 2.5 YR 4/2 AD1, AD4, AD5, AD6, AD11, AD16,
AD18, AD19, AD20, AD28
Medium-coarse and compact scarce
reddish brown; yellowish red 2.5 YR 5/4-6 AD3, AD9, AD14, AD15, AD21, AD23,
AD24, AD25, AD25, AD27
II brown; dark brown 5 YR 5/3 -6 AD2, AD8, AD10, AD13, AD17, AD22 Medium-coarse and compact scarce
III dark gray GLEY1 4/N AD7, AD12 Medium-coarse medium-high
In Table 1 ID sample, clay paste color, grain size and porosity of analysed specimens for each group autoptically identified are summarized. M.I.: Munsell Index [14].
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petrographic fabric could be subdivided, however, into
the following four sub-fabrics characterized by different
groundmass and grain size features.
1. sub fabric QVF (specimen AD 22; Figure 3a) - very
fine pottery (VF), with micaceous groundmass and
quartz inclusions. In detail, microstructure shows
vugs, vesicles and planar voids with remains of
carbonaceous material suggesting the use of straw
as temper. Less abundant are vughy and slightly
preferential oriented vesicles. The micaceous
groundmass is homogeneous and it is characterized
by low optical activity and brown-reddish color. The
inclusions are mainly represented by very fine quartz
and rare polycrystalline ones. Finally, abundant
brownish-red amorphous phases are present.
2. sub fabric QMF(specimen AD 10; Figure 3b)
-medium-fine (MF) pottery with homogeneousFigure 3 Microphotographs. Thin sections of the specimens belonging to the dgroundmass and quartz inclusions. The microstructure
voids are characterized by vugs and vesicles, the latter
ones slightly preferential oriented. The groundmass
rich in mica is globally homogeneous with rare
microfossil moulds, medium-low birefringence and
brown-reddish color. The grain size distribution of
inclusions is unimodal with medium-fine quartz,
feldspar, plagioclase and polycrystalline quartz; the
fine grained inclusions are sub-angular in shape
with sub-millimetric dimensions. Abundant, mainly
brownish-red and black amorphous phases are also
present.
3. sub fabric QMC(specimens AD 8, AD 13, AD 21;
Figure 3c) - medium-coarse (MC) potteries with
quartz and rocks fragments inclusions. The
microstructure is characterized by abundant vugs
and rare vesicles without preferential orientation.
The groundmass with abundant microfossil
moulds and scarce mica is quite heterogeneousifferent sub-fabrics identified: (a) AD 22; (b) AD 10; (c) AD21; (d) AD 19.
Table 2 Petrographic and mineralogical data
Sample Bir Qz An I/Ms Geh Hm Di
AD2 L xxxx xxx tr - xx x
AD4 L xxxx xxx x - xx -
AD8 L xxxx xx tr - x -
AD10 L xxxx xx x tr tr -
AD12 L xxxx xxx tr - xx x
AD13 L xxxx xxx - - xx x
AD18 L xxxx xxx tr - x xx
AD19 L xxxx xxx tr - xx x
AD21 L xxxx xxx tr - xx x
AD22 L xxxx xxx - tr xx x
AD23 L xxxx xx tr tr x x
AD28 L xxx xxxx - - x xx
Petrographic and mineralogical data of the studied samples. Bir. = Birefringence:
L = low or absent birefringence; Qtz = Quartz; An = Anorthite; I/Ms = illite–
muscovite; Geh = gehlenite; Hm=Hematite; Di = diopside. The number of (x) is
related to the mineralogical phase abundance: xxxx = abundant; xxx = present;
xx = scarce; x = rare; tr = trace.
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tivity and brown-reddish color. The inclusions are
mainly fine grained and characterized by dominant
medium-fine quartz sub angular in shape and rare
feldspar, plagioclase, volcanic glass, metamorphic
fragments and polycrystalline quartz sub-rounded
in shape. Dark brown and black amorphous phase
are present. Finally, samples are characterized by a
millimetric dark brown slip.
4. sub fabric QpMC(specimen AD 19; Figure 3d), −
medium-coarse (MC) pottery with very heterogeneous
and porous (p) groundmass and quartz inclusions. The
microstructure voids are characterized by abundant
rounded millimetric vugs. The groundmass is very
heterogeneous with low birefringence and dark
brown in color; it is also characterized by abundant
microfossil moulds. The inclusions are mainly
represented by medium-fine quartz, rare feldspar,
plagioclase and polycrystalline quartz. Dark-brown
amorphous phases are also present.
Overall, information on optical activity can be used for
esteeming firing temperature [16]. In particular, low bi-
refringence is, in many cases, indicative of the achievement
of high firing temperature with reaction and modifications
of the original mineralogical association of the raw mate-
rials. Hence, the petrographic observations performed on
studied samples suggest high temperature of firing for all
the sub-fabrics recognized.
As is well known, the firing process produces micro-
structural and microchemical changes in potteries due
to reaction between mineral phases present in the clay
[17-19]. In particular, during firing specific new minerals
grow, depending on temperature and composition of
clay (i.e., Ca-rich or Ca-poor clays). In details, referring
to Ca-rich clays, the breakdown of calcite in calcium oxide
and the reaction of the latter one with mineral phases
present in the clay matrix determines the nucleation of di-
opside, gehlenite and anorthite, all indicative of high firing
temperature (850–900°C). Moreover, hematite also sug-
gests high firing temperatures (from 550°C to 850°C), in
oxidizing firing atmosphere.
As aforementioned, mineralogical composition of potter-
ies can be used to esteem firing temperature in archeo-
logical ceramics. Therefore, in order to confirm hypothesis
on firing temperature suggested by petrographic analysis,
X-Ray diffraction analyses (XRD) have been carried out on
a selection of 12 samples, which had been previously ana-
lysed in thin section. In the studied samples (AD2, AD4,
AD8, AD10, AD12, AD13, AD18, AD19, AD21, AD22,
AD23, AD28), the semi-quantitative mineralogical data
obtained from relative line intensities highlight the ab-
sence of calcite and clay minerals and the presence of
diopside, anorthite and gehlenite (see Table 2). Theresults suggest high firing temperature for all analysed
samples, according to petrographic data (>850°C). Note
worthy is that the presence of diopside in samples exhi-
biting volcanic tempers (sub fabric QMC) cannot be directly
used as temperature fingerprint.
Chemical analysis
Chemical analyses have been performed on all the stud-
ied samples, with the aim of characterizing chemical
composition and obtaining information about raw mate-
rials used in production processes. On the basis of the ob-
tained data (see Table 3) and the variation diagrams SiO2vs
CaO, TiO2, Fe2O3 and Cr vs Ni (Figure 4) two chemical
groups can be distinguished: the first group (i.e., group A;
specimens AD 1, AD 2, AD 3, AD 4, AD 5, AD 6, AD 7,
AD 8, AD 9, AD 11, AD 12, AD 13, AD 14, AD 15, AD 17,
AD 18, AD 19, AD 20, AD 21, AD 22, AD 27, AD 28) char-
acterized by high CaO (from 6.5 to 9.5 wt%) high TiO2 and
Fe2O3 and low SiO2 contents, and a second group (i.e.,
group B; specimens AD 10, AD 16, AD 23, AD 24, AD
25, AD 26) characterized by lower CaO (5- 6% approxi-
mately), TiO2 and Fe2O3 and higher SiO2 abundances.
Referring to trace elements, samples belonging to group
B show lower content in Sr, V, Cr, Ni, Co, Rb, Y, Zr, La
and Ce (Figure 4) compared to group A.
Discussion
Petrographic, mineralogical and chemical data suggest an
homogeneous production for the kiln wastes from Adrano.
In detail, all the analysed samples belong to a unique
petrographic fabric characterized by dominant quartz and
low groundmass birefringence. On the whole, petrographic
and mineralogical results suggest a good technological level
Table 3 Chemical composition of analysed samples
Group SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Sr V Cr Co Ni Zn Y Zr Nb Ba La Ce
AD1 A 60.82 0.91 16.02 7.56 0.34 2.99 7.77 0.72 2.65 0.21 226 160 139 16 68 116 13 134 0 358 42 69
AD2 A 63.03 0.84 15.93 6.47 0.31 3.15 6.88 0.77 2.43 0.19 145 108 95 7 58 71 4 85 0 244 34 55
AD3 A 61.17 0.89 16.28 7.34 0.37 3.33 7.20 0.83 2.36 0.23 231 147 132 16 66 110 12 147 4 321 38 98
AD4 A 60.94 0.93 15.58 7.74 0.37 2.90 7.94 0.71 2.67 0.20 314 155 139 17 63 123 33 197 15 339 36 95
AD5 A 61.56 0.88 15.93 7.26 0.37 2.85 7.69 0.72 2.52 0.21 258 152 131 18 68 109 14 161 6 342 43 89
AD6 A 62.19 0.88 15.97 6.92 0.31 2.93 7.28 0.72 2.62 0.19 172 123 112 10 62 85 7 105 0 263 31 82
AD7 A 61.10 0.91 16.24 7.34 0.38 2.92 7.64 0.71 2.57 0.20 200 152 126 17 66 102 10 109 0 288 37 99
AD8 A 61.40 0.91 16.64 7.23 0.30 3.30 6.62 0.81 2.57 0.23 179 128 121 11 62 95 7 107 0 290 37 75
AD9 A 60.93 0.90 16.23 7.46 0.37 3.32 7.32 0.82 2.41 0.24 214 152 135 14 67 110 11 128 0 344 48 90
AD11 A 60.85 0.91 16.05 7.51 0.34 3.09 7.78 0.73 2.53 0.21 277 155 134 17 67 117 24 169 8 335 48 95
AD12 A 63.23 0.83 16.10 6.23 0.32 2.91 6.74 0.70 2.77 0.17 121 104 86 8 59 63 3 65 0 226 27 47
AD13 A 60.51 0.90 16.28 7.41 0.31 3.27 7.73 0.76 2.60 0.22 194 156 137 15 68 111 8 109 0 337 48 89
AD14 A 60.61 0.91 16.43 7.47 0.33 3.41 7.41 0.78 2.44 0.22 262 151 130 15 64 113 14 159 8 330 47 97
AD15 A 62.35 0.87 16.14 6.93 0.31 3.14 6.91 0.74 2.42 0.19 167 128 108 12 59 74 7 103 0 243 41 76
AD17 A 60.52 0.92 16.39 7.50 0.31 3.28 7.62 0.75 2.50 0.22 244 153 137 16 68 113 13 144 3 317 41 100
AD18 A 60.75 0.91 16.16 7.53 0.32 3.10 7.77 0.70 2.55 0.21 282 167 136 15 63 118 24 172 9 342 40 95
AD19 A 60.82 0.92 16.23 7.76 0.35 3.00 7.55 0.66 2.52 0.19 222 160 136 14 63 110 11 130 0 319 44 96
AD20 A 61.85 0.88 16.00 7.12 0.34 2.91 7.50 0.72 2.47 0.21 220 143 122 12 63 102 11 137 3 325 39 79
AD21 A 61.09 0.91 16.03 7.49 0.35 3.26 7.40 0.79 2.44 0.23 275 146 130 16 64 113 25 169 10 351 45 79
AD22 A 59.80 0.95 17.76 7.48 0.23 3.50 6.64 0.65 2.78 0.21 145 141 127 11 62 92 2 71 0 266 41 91
AD27 A 59.20 0.89 16.80 7.19 0.25 3.51 8.37 0.76 2.80 0.23 305 141 122 13 63 107 21 147 10 311 44 90
AD28 A 64.02 0.72 15.66 5.17 0.19 3.12 7.66 0.76 2.58 0.12 64 43 41 3 44 24 1 17 0 102 15 19
AD10 B 63.55 0.86 16.42 6.47 0.28 3.47 5.43 0.81 2.53 0.18 107 78 78 6 52 56 2 60 0 193 24 48
AD16 B 65.14 0.76 16.14 5.33 0.27 2.81 6.24 0.73 2.40 0.17 67 90 73 5 48 41 1 30 0 184 29 52
AD23 B 63.80 0.84 16.54 6.22 0.26 3.51 5.29 0.78 2.58 0.19 95 77 70 5 50 48 3 48 0 183 29 47
AD24 B 63.21 0.87 16.35 6.70 0.32 3.19 5.94 0.82 2.41 0.20 134 103 94 8 56 68 5 80 0 247 31 60
AD25 B 64.73 0.82 15.93 6.24 0.30 3.36 5.27 0.78 2.38 0.18 90 68 65 4 46 45 3 51 0 194 25 27
AD26 B 63.30 0.88 16.35 6.70 0.31 3.31 5.63 0.82 2.50 0.21 111 105 95 7 58 69 3 64 0 248 33 68
Major elements are reported in wt%. Minor elements are in ppm.
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homogeneity of studied samples, it is possible to assume
that the slight differences among the identified sub-fabrics
could be related to the heterogeneous features of the used
clays or, alternatively, to different raw materials.
Effectively, chemical data suggests the use of two differ-
ent raw materials, characterized by high CaO abundance
(in group A specimens) and low CaO content (for group
B samples), respectively.
With the aim of highlighting the features of local pro-
duction in the framework of potteries manufacture in
South-East Sicily during Hellenistic and Roman Age, data
have been compared with pottery waste from kilns found
in Gela [6] and Siracusa [7]. Moreover, in order to investi-
gate the clay sediments used in local production pro-
cesses, chemical data have been compared with locally
outcropping clay formations [20].Statistical treatment of chemical data (i.e., Aitchison
log-ratio technique [21]; see Methods section) allow to
obtain biplot in which the total variance of the chemical
elements (major elements: SiO2, TiO2, Al2O3, Fe2O3,
MgO, CaO, K2O; minor elements: Sr, V, Cr, Co, Ni, Zn,
La,Ce) and the studied samples are plotted in a plane
defined by two principal component.
In the biplot of Figure 5, samples from Adrano have
been compared with waste potteries from Siracusa and
Gela. A detailed inspection of the diagram highlights
the chemical features of the different productions sug-
gesting the use of several raw materials in the manufac-
tures which were analyzed. As aforementioned, with the
aim to identify the different raw materials, chemical
data on pottery productions from Adrano, Siracusa and
Gela have been compared with Sicilian clay sediments
suitable for the production of ceramic artifacts [20].
Figure 4 Variation diagrams. (a) SiO2 (wt%) vs. CaO (wt%); (b) SiO2 (wt%) vs. TiO2 (wt%); (c) SiO2 (wt%) vs. Fe2O3 (wt%); (d) Cr (ppm) vs. Ni (ppm).
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vecchia Fm. for the Ca-rich ceramics found in Adrano,
while no correspondence has been found for Ca-poor
potteries. On the contrary, for Gela and Siracusa pro-
duction Plio-Pleistocene clays have been identified as raw
materials.
Conclusions
The petro-archaeometric characterization of 28 kiln wastes
from Adrano provides useful information on the produc-
tion technology and the raw materials used in local cer-
amic production during IV - II century B. C.. In particular,
petrographic and mineralogical results suggest a good
technological level of local production considering the
medium-high firing temperature esteemed. Furthermore,
chemical data suggest the use of Tortonian sediments
(Terravecchia Fm. Clays) for manufacturing some of
analysed potteries, in spite of the well known use of
Plio – Pleistocene clays in Eastern Sicily the ceramic
production (i.e. Siracusa and Gela productions).
Therefore, this work provides a valuable contribution
in defining the local scenario of ceramic production
and in producing a local reference group in petro-
archaeometric studies of archaeological pottery, also
supplying an overview on South-Eastern Sicily produc-
tion during the Hellenistic and Roman Age.Methods
Petrographic analysis
Petrographic characterization was carried out on repre-
sentative samples following a modified version of the
classification scheme proposed by Whitbread [15].
Mineralogical analysis
X-ray diffraction (XRD) was performed on some samples,
using a SIEMENS D 5000 with Cu–Ka radiation and an
Ni filter. Randomly oriented powders were scanned from
2° to 45° 2θ, with a 0.02° 2θ step size and a counting time
of 2 s per step. The tube current and the voltage were
30 mA and 40 kV, respectively.
Chemical analysis
Chemical analyses for major oxides and trace elements
were performed by X-ray fluorescence spectrometry
(using a Philips PW 2404/00) on powder-pressed pellets
of ceramic. Quantitative analysis was carried out using a
calibration line based on 45 international rock standards.
The limits of detection (LOD) were as follows: SiO2 =
1 wt%, TiO2 = 0.01 wt%, Al2O3 = 0.1 wt%, Fe2O3 = 0.05
wt%, MnO= 0.01 wt%, MgO= 0.02 wt%, CaO = 0.05 wt%,
Na2O = 0.01 wt%, K2O = 0.05 wt%, P2O5 = 0.01 wt%, V =
10 ppm, Cr = 5 ppm, Ni = 5 ppm, Zn = 15 ppm, Rb =
5 ppm, Sr = 10 ppm, Y = 3 pm, Zr = 20 ppm, Nb = 2 ppm,
Figure 5 Chemical data. Biplot of the two principal components. Sample from Adrano and kiln wastes from Siracusa and Gela are shown.
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3 ppm. The precision was monitored by routinely running
a well-investigated in-house standard (obsidian), while ac-
curacy was evaluated using international standards com-
positionally similar to the samples analysed (SCO1 and
SGR1). The average relative standard deviations (RSD)
were less than 5%. Finally, the accuracy was evaluated
using an international standard (SGR1) that is compos-
itionally similar to the analysed samples. The accuracywas good for major elements (<3%), except for MnO, and
for trace elements (5%).
Chemical data were treated with the statistical meth-
odology mainly based on the log-ratio technique intro-
duced by Aitchison [21] and employed in order to avoid
the constant sum problem; the centred log-ratio trans-
formation (clr) of data is applied as follows: x ∈ SD→ y =
ln (xD / gD (x)) ∈RD where x is the vector of the D elem-
ental compositions, y is the vector of the log-transformed
Figure 6 Chemical data of potteries and clays. Biplot of the two principal components of potteries and clay sediments used during Hellenistic
and Roman Age in Sicily for producing ceramics.
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= (x1•x2•. . .•xD)1/D. This operation transforms the
raw data from their constrained sample space, the sim-
plex Sd(d = D - 1), into the real space Rd, in which
parametric statistical methods can be applied to the
transformed data. Subsequently, the clr-transformed
data set was explored by biplots, a graphical representa-
tion of variables and cases projected on to principal
component planes. Both the clr-transformation and the
biplot calculations were obtained by using CoDaPack
[22], a compositional software that implements the
basic methods of analysis of compositional data based
on log-ratios.Competing interests
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